We have investigated the effects of mild whole body hypothermia on the amplitude and latency of somatosensory evoked potentials (SEPs) in control subjects (n = 12) and patients (n = 15) with chronic compressive or contusive spinal cord injury (SCI). Mild hypothermia (-1 DC) was induced by controlled circulation of propylene glycol through a 'microclimate' head and vest garment while reductions in oral and limb temperatures were monitored. Cooling induced a delayed onset and reduced amplitude of tibial nerve SEPs in control subjects.
Introduction
Following a compressive or contusive spinal cord injury (SCI) some axons are physically disrupted, either by the initial insult or in the subsequent cascade of biochemical and immunological events that follow, 1-4 some axons may be left undamaged, S and other axons are left physically intact but demyelin ated.6-1 3 Although well recognized in animal models of spinal cord injury, it is only recently that compression-induced focal demyelination has been clearly demonstrated in pathological analyses of human cord tissue.14 Bunge et aI, 14 for example, observed 'dramatic focal demyeli nation of the dorsal columns (without con comitant major axon loss)' in specimens taken from the cervical cord of a 78 year old patient who had experienced cord com pression for approximately 12 years. Demyelination exposes internodal volt age-gated 'fast' potassium (K+) channelsls.l 6
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and alters the input impedance of the internode causing the action potential to conduct decrementally with (a) conduction failure or (b) marked slowing of conduction velocity or (c) inability to sustain repetitive impulse discharges.17-22 These conduction deficits most likely contribute to the paresis and loss of sensation experienced by SCI patients.
Conduction deficits due to demyelination have been shown to be temperature sensit ive.2 3 .24 Reducing temperature increases the rate constant of Na+ channel inactivation and therefore prolongs the action current and increases the safety factor for conduc tion.7.2 3 -3 11 Thus, systematic elevations in temperature induce conduction failure in progressively more demyelinated neurons2� and reductions in temperature restore con duction. The therapeutic benefits of cooling in demyelinating disease such as multiple sclerosis (MS) are well known. 3 1-3 4 Sim ilarly, in spinal cord injured cats, Blightn has shown that a K+ channel blocking agent, 4-Aminopyridine (4-AP), affected the temperature at which conduction block occurred. Of 17 axons in which it was possible to demonstrate conduction failure, apply 4-AP and test conduction again, three showed substantial improvement in the safety factor for conduction within a few minutes, with the blocking temperature raised from 28°, 29° and 30 °C to > 37°C.
The present study tested the hypothesis that whole body hypothermia would attenu ate the central sensory conduction deficits in some SCI patients with compressive or contusion injuries. Implicit was the assump tion that induced whole body hypothermia of -} °C (oral temperature) would cause a sufficient. but indeterminate, degree of cooling in the spinal cord to ameliorate the conduction deficits. Oral temperature changes as small as 0.2-0.5 °C have previ ously been shown to markedly alter de myelination induced signs and symptoms in patients with multiple sclerosis.
3 ). 3 6 It was reasoned that demonstration of cooling induced enhancement of central conduction in certain patients would help identify individuals with conduction failure due to demyelination who might benefit from a K+ channel blocking agent such as 4_AP.J7
Methods

SubJects
Twelve healthy adult volunteers provided informed consent to participate as control subjects. Seven of the subjects were female. The mean age of the group was 26.6 ± 4.6 years. Fifteen volunteer patients with spinal cord injury (mean age 32 ± 11.5 years) served as the principal study group. Their clinical characteristics are reported in Table  I . Eleven of the patients sustained injuries as a consequence of motor vehicle or sports related accidents; one had an anterior spinal artery syndrome as a result of an aortic tear, one had cord compression from multiple myeloma, one developed a central cord syndrome as a result of vascular insuffi ciency secondary to a fall, and one devel oped an anterior cord syndrome secondary to a sports injury. Prior to the study one patient was taking Valium as a spasmolytic, six patients were taking Lioresal, and one patient was taking an antibiotic for urinary tract infection. All medications were discon tinued for the 6 hour duration of the study.
Protocol
The control subjects and patients all under went electrodiagnostic assessment of SEPs and central conduction prior to the cooling procedure, at maximal cooling, and after being rewarmed to their baseline body temperature.
Total body hypothermia was induced by controlled circulation of a coolant (propy lene glycol) through a microclimate head vest garment (Life Support Systems Inc Mark VII) worn over light underclothing. A fan directed on the subject assisted heat loss through convection. The cooling was norm ally continued until oral temperature had reduced by 1 0C. The duration of cooling normally varied between 1 and 2 hours. After maximum cooling, the microclimate garment was removed and replaced with a heating blanket, the fan turned off, and the subjects rewarmed to their baseline tem perature.
Oral temperature was sampled every 15-20 minutes using a Questemp II data logging thermometer (Quest Electronics). Auricular temperature was monitored con- During tibial nerve stimulation, com pound nerve action potentials were recorded from bipolar surface electrode recordings over the popliteal fossa (PF). Spinal potentials were also obtained from bipolar surface electrodes positioned on the skin overlying the first lumbar vertebra (Ll). With median nerve stimulation, bi polar recordings of sensory potentials were obtained from surface electrodes positioned over the antecubital fossa and Erb's point. The latency recordings from these potentials enabled dissociation of peripheral nerve conduction velocity changes from any changes in central conduction.
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Results
All control subjects tolerated the cooling without discomfort. At an oral temperature reduction of 1.0°C intermittent shivering was usually evident in the face, upper limbs and trunk. With the exception of two patients who reported generalized discom fort (and discontinued cooling), the SCI patients tolerated the cooling for approxi mately 90 minutes without concern. Each provided SUbjective spontaneous reports of cooling and exhibited facial pallor. In each subject the upper and lower limbs were pale and cool to touch. Subjects warmed to their baseline temperature within 2 hours of the end of cooling.
Hypothermia
The extent and rate of cooling in the lower limbs for the control subjects and SCI patients are reported in Table II . The lower limb temperature of the control subjects reduced (p <0.05) by an average of -2.52 ± 0.84 °C over a period of = 1.25 hours. The extent of cooling (-3.65 ± 1.5 °C) was greater (p < 0.05) for the SCI patients. The average rate of cooling for the controls was i = -1.91 ± 0.14 °C/hour and for SCI patients it was Significantly (p < 0.05) faster .Y = -2.36 ± 0. 19 °C/hour. In the two quadriplegic patients in whom median nerve SEPs were recorded, the extent of upper limb cooling was i = -2.4 °C and the rate was i = -2.3 °C/hour.
A differential rate of cooling between control subjects and SCI patients was also evident in the auricular temperature (Table  II) . The auricular temperatures cooled at a rate of -0.64 ± 0.07 °C/hour for control subjects and -0.86 ± 0.05 °C/hour for SCI patients (p < 0.05). The oral temperature of control subjects reduced at a rate of -0.78 ± 0.04 °C/hour whereas the SCI pa tients cooled at a rate of -0. 63 ± 0.03 °C/hour. The rate of cooling of oral temperature in the SCI patients yielded Pearson product moment correlations with the level of lesion (r = 0.43; p > 0.05), with the impairment ( r = 0.33; p > 0.05), and with physical stature ( r = 0.54; p < 0.05). The multiple linear regression of these three variables with the rate of cooling yielded [ 1 refers to the standard deviation of the extent.
( ) refers to the standard error of the linear regression beta coefficient from which the rate constant was determined. R2 refers to the goodness of fit of linear regression analysis. These data include the results from two SCI patients who discontinued cooling prematurely (ie failed to reach target of -1°C oral) because of discomfort. They discontinued after oral temperature reductions of 0.1 °C and 0.4 °C respectively. The peripheral cooling data are based on 11 = 13 patients (lower limb only) whereas the auricular and oral data are based on n = 15.
Oral and auricular temperatures continued to drop an addi tional 0. 1 or 0.2°C in the 10-15 minutes immediately after the cooling garment was discontinued. This 'after-fall' phenomenon was evident in 11 of the 14 control subjects and 13 of the 15 SCI patients and is attributable to the core-surface tem perature gradient established by surface cooling.-lll
Peripheral conduction
Cooling induced reductions in peripheral nerve conduction velocities (NCV) in both the control subjects (t = 4. 18; df = 10, p < 0.05) and SCI patients (t = 3.52; df = 8, p < 0.05) (Table III) . These reduc tions in NCV were generally greater in the distal segment of the tibial nerve (medial malleolus-popliteal fossa) than in the proxi mal segment (popliteal fossa-Ll). Similarly they were greater in the distal segment of the median nerve (wrist to antecubital fossa) than in the proximal segment (antecubital fossa to C5). The latencies of sensory potentials recorded at PF and Ll are also reported in Table III . Figure 1 shows an illustrative set of SEP records from a control subject in which the latency of P3 8 was increased from 40.6 ms to 43.3 ms with cooling and the amplitude of the N33-P3 8 component was reduced from 1.11 fJ..-V peak-to-peak to 0.67 fJ..-V. The P3H-N� 6 component reduced form 3.03 /-LV to 2.0/-LV. In this subject the slowing of peripheral conduction time (medial mal leolus-Ll) from 22.6 ms to 24.8 ms ac counted for part of the delay in onset of the cortical potential and there may have been a slight prolongation of central conduction time (Ll-C7).
Somatosensory evoked potentials Control subjects
S CI patients
Within the SCI group, tibial nerve SEPs were only obtainable from nine patients in the precooling condition. Seven of these exhibited clearly discernible N33-P3R com ponents. The group mean latency for N33
(X = 41.48 ± 7.4 ms) was significantly (p < 0.05) longer than for the control group, and was associated with a signific antly (p < 0.05) reduced N33-P3 8 amplitude (x = 0.78 ± 0.63 /-LV). The other SEP com ponents were similarly prolonged and of low amplitude (Table III) . The longer latencies were largely attributable to a prolonged (p < 0.05) central conduction time of x = 17.97 ± 7.2 ms (compared to x = 10.93 ±
ms for controls).
Cooling induced longer latencies for the tibial nerve SEP N33, from the precooling value of x = 41.5 ± 7.4 ms to a cooled value of x = 43.3 ± 7.9 ms. This delay was present in five of the seven patients in whom an N33 component was clearly discernible. At least part of the 1.85 ms delay was attributable to the slowed peripheral conduction since the L1/N 22 potential was consistently delayed, on average by 0.95 ms. Central conduction time (Ll-N 33 ) also showed a significant increase from .t' = 17.97 ± 7.23 ms to .t' = 19.01 ± 7.53 ms (t = 2.45; df = 6, p < 0.05).
In contrast to what was observed in the control group, the amplitude of N33 in creased after cooling in five of the seven SCI patients with a discernible N 33 component.
Overall there was a 26% increase in the group mean amplitude from a precooling value of .t' = 0.78,u V ± 0.63 to a cooled value of.t' = 0.98 ± 0.72 ,uV. The later SEP components were also consistently in creased in amplitude by 40% (P3s-N-16) and 37% (N46-P58) (Table III) .
Analysis of the N 3 rP 3 8 amplitude change on a case by case basis revealed two SCI patients with amplitude changes exceeding the 50% criterion advocated for detection of clinically significant change.-1I Cooling induced increases in SEP amplitude were also observed in the two SCI patients in whom median nerve SEPs were recorded. Both exhibited cooling-induced increases in amplitude of PI S and N20' with one of the patients showing increases as large as 87% for PI S and 185% for N20. A sign test applied to the change in amplitude of the earliest discernible cortical components (X 2 = 7.08; df = 1; p < 0.05) revealed a significant dif ference in response between the control subjects and the group of SCI patients. All increases in tibial nerve SEP am plitude reversed when the patients were rewarmed, although they did not necessarily return to precooling values by the time of 
Discussion
The present study was undertaken to deter mine the effects of induced whole body hypothermia on the amplitude and latency of somatosensory evoked potentials in con trol subjects and SCI patients. Implicit in the rationale was that identification of patients with conduction deficits that are attenuated by cooling would indicate those patients with focal demyelination contribut ing to their sensory loss, who might benefit from pharmaceutical intervention with a K+ channel blocking agent. 3 7 In control subjects whole body hypother mia yielded marked slowing of peripheral nerve conduction velocity in the tibial and .) The slowing of conduction in the tibial nerve was thus responsible for the delayed onset of the N33 component of the SEP (delay = 1.47 ms). The later cortical SEP components were further prolonged (Table III) with additional delays intro duced most probably by the effects of cooling on neural transmission. 45 The present results are thus consistent with previous reports of deep hypothermia on SEPs in neurologically normal patients which have noted amplitude reduction and latency prolongation of the primary cortical (and later) responses following median nerve stimulation.� 2 ..J 6 . � 7 Similar observa tions have also been made in animal studies of the effects of cooling on SEPs. � K . .JY In the SCI patients involved in the present study, the distal segment peripheral nerve conduction velocity was reduced on cooling from 47.15 ± 6.91 ms-l to 43.88 ± 7.03 ms-l. This resulted in the latency of the spinal potential at L1 being delayed by x = 1.04 ms. The N33 component of the SEP was also delayed, from a precooling value of 41.48 ms to 43.33 ms. Thus the delay in the earliest cortical component (N33) appeared in part attributable to slowing in peripheral nerve conduction velocity but in part to a lengthening of central conduction time from 17.97 to 19.01 ms. This implies that there was more of a cooling effect in the cord of the SCI patients than in the controls, per haps related to their diminished thermo regulatory capability.
The most important observation in the present study was that cooling induced a different type of effect on the amplitude of SEPs in SCI patients than it did in control subjects. Nine out of eleven incomplete SCI patients (ie seven tibial and two median nerves) showed a cooling-induced increase in amplitude of the earliest recorded SEP cortical component. Prior to cooling the amplitude of the earliest component (N 33 = 0.78jl.V; Nl 5 = l.Ojl.V) was reduced in comparison to the control group and other normal values but similar to previ ously reported values for SCI patients. 5 11-5 2 After cooling the amplitude increased (N 33 =0 .98jl.V; N[ 5 =1 .86jl.V). Some of the increases in amplitude were trivially small and within variability normally associ ated with repeated testing. However, three patients exhibited increases of amplitude > 50% with cooling. This is in contrast to the control group in which 10 of the 12 subjects exhibited reduced amplitude SEPs. One of two SCI patients who showed no appreciable change in N3 3 amplitude on cooling had anterior spinal artery syndrome and normal amplitude and latency SEPs. The other patient was a male T9 para paretic with asymmetric lower limb paresis and sensory loss as a result of trauma. This patient exhibited a small reduction in SEP amplitude similar to that observed in control subjects, thereby indicating that his pre served sensory pathways were probably fully myelinated. All of the observed changes in SEP amplitude reversed on warming. The increased SEP amplitude on cooling, particularly in the three SCI patients with greater than 50% change from their baseline conditions, constitute evid ence in support of the a priori hypothesis that whole body hypothermia would attenu ate the central conduction deficits in some SCI patients.
The physiological basis for the hypother mia induced enhancement of central con duction, as manifest in increased amplitude of median and tibial nerve SEPs, most probably resides in the known extreme temperature sensitivity of conduction block in experimentally injured or demyelinated neuronsY Daviscn has shown that tem perature reductions as small as 0.2°C can restore conduction in mechanically or thermally injured axons. Slight temperature variations are also known to induce marked changes in signs and symptoms of patients with MS or other demyelinating dis eases . .1) . .16.).1-) 6 The effect of cooling on conduction in demyelinated neurons ap pears to be mediated through a prolonga tion of the action current which increases the safety factor for conduction across the demyelinated zone. Cooling prolongs the duration of the action potentiaL an effect which in turn probably originates from the effect of cooling on the rate constant for
The effectiveness of the increased safety factor in restoring conduction depends upon (a) the magnitude of the temperature de pendent increase in action current and (b) the extent of demyelination. Schauf and Davis2Y modelled these properties and showed that even small reductions in tem perature should restore conduction in blocked neurons with minimal degrees of demyelination. Conduction should be re stored in more severely demyelinated neurons at greater reductions in tem perature. Conversely, slight warming pro duces a marked increase in the number of neurons in which conduction would be blocked.
It seems plausible, therefore, that in the present study the induced whole body hypo thermia restored conduction in some minim ally demyelinated neurons that were blocked at normal body temperature. Thus, cooling slowed the conduction velocity and impaired neural transmission in spared fully myelinated neurons and in the normally myelinated segments of focally demyelin ated neurons, while overcoming some of the conduction block in some partially demyel inated neurons. The slowed conduction would have been more pronounced in the peripheral nerves where the temperature reduction was greatest. The increased am plitude of SEPs, with prolongation in latency of the earliest component of the SEP, can be explained in these terms.
Of interest were observations that (a) the oral temperature continued to drop linearly for 10-15 minutes after the cooling garment was switched off and (b) the effects of cooling on SEP amplitude were oftentimes not reversed at a rate commensurate with the degree of rewarming. Similar observa tions have been made in studies of cooling induced changes in clinical signs in patients with MS (R Spertell, personal communica tion). The tendency for oral temperature to continue to drop after the removal of the cooling agent (the so called 'after-fall' phenomenon) involves a hemodynamic response governed by the core-surface temperature gradient. 40 The prolonged effect on central conduction might thus be attributable to changes in cord temperature brought about by the hemodynamic re sponse, or to hysteresis-like behaviour of the cooling-induced changes in voltage gated ion channel kinetics.
In summary, the present results have confirmed previous reports of the effects of hypothermia in neurologically normal sub jects, and more importantly have shown, for the first time, that in some SCI patients with central conduction deficits, cooling en hanced central conduction, as manifest by increased amplitude of the SEPs. These observations are consistent with the emer ging view that demyelination-induced central conduction deficits constitute part of the pathophysiology of contusion/compress ive lesions to the spinal cord, and these deficits may be partially and temporarily ameliorated by cooling. The results also strengthen the argument that other agents that increase the safety factor for con duction, such as 4-Aminopyridine, may enhance central conduction in some SCI patients . .17
